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Summary 
An indirec t approach toward increas-
ing the data rate of a deep-space com-
munication system invo l ving the use of a 
re l ay satellite was studied. A simp l e 
frequency translation type repeater was 
assumed for the re lay satell ite. I n 
addition, the repeater was said to pos -
sess the characteristics of constant out -
put wi th signa l - to -noise power sharing 
and also suppression effects due to the 
repeater's inherent nonlinearity. The 
data rate capabi lity of the indirec t ap -
proach was compared with that of the di -
rect one (no relay satellite ) . In the 
compar i son the earth termina l character -
istics were assumed to be the same for 
both approaches. The results were ex -
pressed in terms of the merit f unction 
M(r), which i s the ratio of the signa l - to -
noise s p ectra l density of the direct ap-
proach t o that of the indirect one. 
The calculations of the merit func -
tion indicate that the data rate improve -
ment possesses a limiting value given by 
the ratio of the effective radiated power 
of the relay sate llite to that of the 
miss i on vehic le of the direct link . Due 
to the relay sate llite power sharing 
characteristics it shoul d be placed c l os -
er to the mission vehicle than to the 
earth , and there also exist s between the 
earth station and the relay satell ite a 
min imum desirab l e separation beyond 
which the limiting va lue of improvement 
can be obtained. 
In troduction 
The future deep - space interplanetary 
missions, both unmanned and manned, will 
in ge neral require the mission vehicle 
to transmit back to the earth at data 
rates far higher than those which can be 
achieved in the current decade . Any par -
ticular approach to improving the data 
handlin g capability of a given mission 
requires justification by tradeoff analy -
ses of many parameters. The purpose of 
this paper is to examine one approach to -
ward increasing the data by comparing the 
direct data tran smission capability be -
tween the mission vehicle and the earth 
stat i on with that via a relay satelli te. 
The data rate enhancement criterion is 
given in terms of the rat io of the 
s i gna l - to - noise power density of the two 
means of transmission. Calculated re -
sult s of the comparison will be used to 
describe the effects of variation of key 
communication system parameters on the 
data rate e nhancement behaviour. 
Satellite Relay Communication 
System Model 
The approach of using a relay satel -
lite between the mission ve h ic l e and the 
earth station may appropriately be termed 
as the "indirect" one. On the other 
hand, the "direct" a pproach may imp l y 
that the effective radiated power (ERP) 
of the mi ssion vehic l e and the antenna 
gain of the earth station are to be in -
creased to enhance the data rate. 
In order to obtain realistic eval ua -
tions of the merits of the "indirect" 
approach, it is essentia l that t o i mpose 
certain constraints and conditions under 
which a so - called me'ri t function M ( r) is 
derived. Firs t, the operating freq uency 
between the relay sate ll ite and t h e 
earth station of the indirect approach 
is confined to the S - band ( 2 .2 to 2 .3GHz~ 
Thi s constraint i s imposed so that the 
capability of the cu rrent Deep Space 
I nstrumentation Fac ility can be f u lly 
u tilized both from the eng ineering and 
the economic points of view. I n order to 
take advanta ge of the direct link betwe en 
the mission vehicle and the earth statio~ 
the second constraint requires that the 
ERP of t h e mission vehic l e and the earth 
station antenna gain be maintained the 
same when a relay sate ll ite operating in 
the same S-band freq uency is us ed. How-
ever, when the operat ing fre quency be -
tween the mission vehic le and the re l ay 
satell ite lies in other bands within the 
microwave spectrum, it will be assumed 
that the same physica l area of the mission 
veh i c l e is available to accomodate its 
transmitting antenna . The relay l ink 
configuration is depicted in Figu re 1. 
The form of the merit f mctio n M (r) 
is also dependent on the characteristics 
of the relay sate llite. In the pre s ent 
approach, a straight forward freq uency 
translation repeater is employed and, 
therefore, no demodulation and remodula -
tion take p lace within it. 
The relay satel l ite does, however , 
possess the fo llowing three characteris -
tics: (1) it ha s a constant RF power 
output P2 , ( 2 ) there exists power shar -ing between signal and noise, and (3) 
there exists a l so si ~nal suppression due 
to nonlinearities in the sate llite 
repeater l . Th e relay satell ite 
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characteristics are more explicitly de -
picted in Figure 2. 
The reference condition based on 
which the ca l culations of M (r) are done 
utilizes, by way of examp l e, a communica-
tion link between the earth and a mission 
veh i c l e in the neighborhood of Mars. The 
cal cul ations are further simplified by 
making the mission vehic l e, the re l ay 
sate ll ite and the earth col i near. I n 
rea l ity, when the three terminal s are not 
co l inear the merit function expression 
appears more involved because of the tra -
jectory geometry but the conc l usions are 
essent i a lly the same. This fact wil l be -
come evident when the cal cul ated resul ts 
are discussed in the next section. 
The merit function Mfr) is derived 
by straight forward application of the 
well-known range equation and is given in 
Appendix I . An important parameter is 
the operating frequency between the mis -
sion vehic l e and the relay satellite. I n 
the calculations, S - band to W- band and 
optical frequencies wil l be inc l uded. 
Dis cuss i on of Ca lc u l a ted Results 
Table 1 shows the va l ues of the com-
munications systems parameters used. Re -
s u lts for various frequencies are shown 
in Figure 3. The operating frequencies 
se l ected for the link between the mission 
vehicle and relay sate l lite extend from 
S - band to W- band. The behavior of the 
merit function for the case of a n optical 
link between the mission vehic l e and the 
relay sate llite is depicted in Figure 4. 
Relay sate llite antenna gain pro -
duces a direct effect on the l ink cap -
ability. I ts effect on the merit func -
tion is shown in F i gure 5. A secondary 
p a rameter such as the re l ay sate l lite re -
ceiver effective noise temperature can 
also inf l uence the merit f unc-cion, and 
the effect of its variation is shown in 
Figure 6. 
In Fi gure 3 through 6, it can be 
observed that the limit o f the data rate 
improvement approaches the ratio (G t 2P2)/ 
(G L0 P 0 ), the ratio of the re l ay satellite 
ERP to that of the mission vehic l e of the 
direct link (reference condition). For 
the values of the parameter chosen here, 
the cal culations indicate that the re l ay 
satellite is to be placed c l ose to the 
mi s sion vehicle in order to obtain data 
rate improvement. Furthermore, a l l cal-
c u l a tions indicate that, for variations 
of eac h parameter, there exists between 
the earth and the re l ay satellite a min -
imum desirable separation beyond which a 
constant data rate improvement approach -
ing the limiting va l ue of Gt 2 P2/G~ P0 
can be obtained. This general pat~ern 
of behavior of the merit function is 
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partially caused by the signal and n o ise 
power sharing phenomenon taking place in 
the constant output relay satellite . 
The minimum desirable separation is de-
pendent upon (1) the effective no ise 
power of the earth terminal compared 
with the re l ay satell ite radiated noise 
received by the earth terminal and ( 2 ) 
the separation between the mission 
vehicle and the re l ay satellite, which 
shou l d be c l ose enough to reduce suf-
ficiently the noise output of the relay 
satellite. Such qua l itative exp l anation 
is more exp l icit l y i llustrated by Figu re 
5 in .which Gr2 a l one is varied. In this 
case, a decrease i n Gr2 corresponds to a direct decrease in the signal power re-
ceived by the relay satellite. Since 
the radiated noise of the mission vehicle 
is neg l ected, for lower Gr2 . the rel ay 
satel l ite must be moved closer t o the 
mission vehicle in order to achieve the 
required power sharing ratio between 
signal and noise. 
F i gu re 3 shows that operating a t 
X- band between the mission vehicle and 
the relay satell ite permits c losest 
placement of the relay satellite t oward 
the earth. This is partia l l y ca ised b y 
the specifi c values of communi cations 
systems parameters chosen for the cal-
culations. On the other hand , the chosen 
va l ues are realistic enou gh to s uggest 
that X- band operation provides the most 
flexib l e range arrangement between the 
mission vehicle and the relay satellite 
arrangement for a given data rate en -
hancement. I t is also interesting to 
note that the fundamental behavior of 
M (r) f or an optica l link between the 
mission vehicle and the relay satellite 
is essential l y the same as that for a 
microwave l ink. In l aser communications , 
it is well known that the acqu isition 
and tracking of very narrow laser beams 
for moving vehicles are extremely diffi -
cu l t. For the communications systems 
under consideration here, an optical 
link wou l d require again a relay satel -
lite to be placed closer to the mission 
vehicle than to the earth when broader 
beams must be emp l oyed to minimize the 
difficu l ty of acquisition and tra cking . 
So far the discussions have been 
confined to the behavior of the communi-
cations system; however, a few general 
comments on how such an "indirect 11 ap -
proach mi ght be used are in order. The 
use of a relay satellite raises problems 
of cost and re l iability. For a sing ln 
space mission, however, with multiple 
f l ights, or even for mu l tiple missions, 
a relay satell ite l aunched into a well 
planned trajectory cou l d be very useful. 
Therefore, a more thorough and caref u l 
ana l ysis of the present approach as com-
pared with the direct approach from the 
ent i re mi ssion and system points of view 
appears to be worthwhile. 
CONCLUSIO NS 
The general conclusions derived from 
ca l cu l ations of the merit function of the 
present approach indicate that the data 
rate improvement possesses a l imiting val -
ue given by the ratio of the ERP of the 
re l ay satel l ite to t hat of the miss i on 
vehicle. Furthermore, the relay satel l ite 
shoul d be p l aced c l oser to the miss i on 
vehic l e t han to the earth i n order to 
yie l d data rate improvement. There a l so 
exists between the earth station and the 
re l ay sate llite a minimum desirable sep -
aration beyond which the limiting value of 
improvement can be obtained. This separa -
tion usual l y occurs around the point at 
which the effective noise power of the 
earth termina l becomes comparab l e to the 
re l ay satell ite radiated noise received 
by the earth station. At this poin t the 
separation between the mission vehic l e and 
the re l ay satell ite is close enough to re -
duce sufficiently the relay satel l ite 
noise output. Beyond this separation, 
when the re l ay satellite is moved closer 
to the mission vehicle, the link between 
the two becomes more efficient so that the 
limiting value of the data rate improve -
ment can be preserved. 
The presently discussed behavior of 
data rate improvement holds true not only 
for variations of communications system 
parameters but also for variations in the 
operating frequencies between the mission 
vehic l e and the re l ay satel l ite. The be -
hav i or in the optical spectrum is not sub -
stantially different from that in the 
mi crowave spectrum. I t may be stated that 
the improvement of t he state - of - the - art of 
both active and passive components for 
either microwave or optical spectrum 
would result in more f l exibility in plac -
ing a relay satellite between the mission 
vehic l e and the earth. For the values of 
communication system parameters chosen for 
the present calculations, X- band operation 
appears to permit greatest flexibility. 
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APPENDIX I 
The re l ay link conditions is de -
p i cted in F igure 1 in which the numera l s 
3, 2, and 1 re f er respective l y to the 
mi ss i on vehicle, the re l ay satellite and 
the earth. The merit function M (r) is 
given as fol l ows: 
(I-1 ) 
where ~ and S denote respective l y the 
no i se spectral density and the signa l 
power received by the earth termina l . 
The subscrip (o ) indicates the ref -
erence condition defin ed previous l y in 
the second section on the system mode l 
and the tandem subscr i pts (321) refer 
to the re l ay link condition. The con -
dition under which t h e re l ay l ink pro -
vides an increase in the data rate above 
that obtainabl e from the reference one 
is when M(r) < 1 . 
Taking into consideration the relay 
satel l ite characteristics as described 
in Figure 2, it can be shown for the 
case of microwave - to - mi crowave link that 
M( r) 
where 
2 (1 - r) . 
2 (1 - r) 
( I- 2) 
( I- 3) 
The parameters contained i n Equations 
(I- 2) a nd ( I- 3) are defined as follows: 
p 
0 
Mission vehic l e transmitter 
power (reference l ink) 
Mission vehic l e transmitting 
antenna gain (reference link) 
Ground receiving antenna gain 
Ground receiver effective 
noise temperature 
Mission vehic l e transmitter 
power (re l ay l ink) 
Mission veh i c l e transmittin g 
antenna gain (re l ay link) -
Re l ay sate ll ite receiving 
antenna gai n 
a 
r 
L 
Relay satellite receiver ef-
fective noise temperature 
Relay satellite receiver in-
formation band width 
Relay satellite transmitting 
antenna gain 
Relay satellite transmitter 
power 
Signal suppression factor due 
to relay satellite nonlin-
earity (see Figure 2) 
R/R
0 
(see Figure 1 ) 
Effective overall l oss of 
signal power between the mis -
sion v~hicle and the ground 
(reference link) 
Effective overa l l l oss of 
signal power between the mi s -
s i on vehicle and the relay 
satellite 
Effective overall l oss of 
signal power between the re-
l ay satellite and the ground 
( 4nR /;.. ) 2 
0 0 
( 4nR
0
/'A.) 2 
The operating wavelength be-
tween the mission vehicle and 
the ground ~eference l in~ 
The operating wavelength be-
tween the mission vehic l e and 
the relay satellite 
K = Boltzmann's Constant 
When the operating frequency between the 
mission vehicle and the relay sate ll ite 
is the same as that between the re l ay 
satel l ite and the ground Gt
0
P
0 
and 
Gt 3P3 are, of course, identical. The 
merit criterion developed here is app l i -
cab l e to the case involving the use o f 
frequency trans l ation type repeater, 
thus, the merit critericngives a compar -
ison of data rate transmissions with and 
without a re l ay satellite for the same 
error rate in the case of a digita l com-
munications system. I n the ca l cul ations 
of Equation (I - 2), further simp l ifica-
tions are introduced by making L12 = 
L23 = L1 3 and a = 1. These simp l ifica -
tions affect the 8.symptotic va l ues of 
the calcul ated results quantitative l y 
but not the essentia l conclusions. I n 
addition, the received noise spectral 
density radiated by the mission vehic l e 
is smal l when compared wi th the relay 
sate llite receiver effective noise spec -
tra l density and, therefore, negl ected. 
A similar derivation of the merit 
function for the optical - to - microwave 
l ink (see F igure 1) can be carried out 
readi l y and the function M (r) is given 
as fo llows: 
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M (r) ( 1 + 
( 2~~T ) (1 - rf ri . 0 
(I-4) 
where 
(1 (I-5) 
The new parameters appearing in Equations 
( I -4) and ( I -5) are defined as follows: 
c Speed of l ight 
h Pl anck's constant 
ri Quantum detector efficiency 
Gt3 ri' (4n)/82t3 
Gr2 'Y')' (4n)/82r2 
'Y')' optical antenna efficiency 
8 optical antenna beamwidth 
I n the der i vat i on of Equation (I-4), the 
receiver of the relay satel l ite is as-
sumed to operate in a signal shot-noise 
limi ted con dition wi th non-coherent 
detection. 
TABLE 1. VALUES OF KEY COMMUNICATION SYSTEMS PARAMETERS 
FOR MERIT FUNCTION CALCULATIONS 
(a) REFERENCE CONDITION 
Distance from Mars to Earth 1.4 x 108 miles 
Space loss (f = 2.2 GHz) 267 dB 
Modulation loss 4 dB 
Miscellaneous loss 4 dB 
,-
Mission vehicle antenna gain 23 dB 
Transmitter power 10 watts 
Receiver noise spectral density (T0 = 56.7°K) -181 dBm/cps 
Performance margin 6 dB 
Data rate (coherent fsk; 5 x 10-3 error rate) 39.8 bps 
(b) RELAY LINK CONDITION 
S-to-S X-to-S K-to-S W-to-S 
f 2 (GHz) 2.2 10 30 94 
T2(oK) 331 580 1740 25,000 
(mixer receiver) 
Gr2 (dB) 53(85'-D) 61(46 1 -D) 61 71 (15'-D) (15'-D) 
Gt 3 (dB) 23 36.2 45.6 55.6 
P3 (watts) 10 2.5 1 0.25 
Gtopo/Gt2p2 0.10 0.10 0.10 0.10 
W2 (MHz) 5 5 5 5 
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(a) REFERENCE CONDITION: 
~r~~~~-Ro~--------ai 
MISSION f3\i------- s VEHICLE \V _z _________ ~G) ~ 
(S/~)o EARTH 
'DENOTES THE EFFECTIVE NOISE SPECTRAL DENSITY 
(S/~) 
21 
...... ~ --R __ _.-f 
MERIT CRITERIA: 
M(r)= (~/S) (S/~) <1 
321 0 
WHERE r= R/Ro 
CONSTRAINT: 
GROUND STATION COMPLEX CHARACTERISTICS OF CONDITIONS 
(a) AND (b) ARE INDETICAL 
Figure 1. Relay Link Configuration. 
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(1) CONSTANT RF POWER OUTPUT 
(2) POWER SHARING BETWEEN SIGNAL AND NOISE 
(3) SIGNAL-NOISE SUPPRESSION 
W2 =RECEIVER BANDWIDTH 
a= SUPPRESSION FACTOR 
Pt 2- aS2r P2 
S2r+ N 2 
Pn 2 = [(1-a) S 2r N 2] P 2 
S2r+ N 2 
Figure 2. Relay Satellite Characteristics. 
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